Mistakes are part of our world and constantly occurring. Due to transcriptional and translational failures, genomic mutations or diverse stress conditions like oxidation or heat misfolded proteins are permanently produced in every compartment of the cell. As misfolded proteins in general lose their native function and tend to aggregate several cellular mechanisms have been evolved dealing with such potentially toxic protein species. Misfolded proteins are mostly recognized by chaperones on the basis of their exposed hydrophobic patches and, if unable to refold them to their native state, are targeted to proteolytic pathways. Most prominent are the ubiquitin-proteasome system and the autophagic vacuolar (lysosomal) system, eliminating misfolded proteins from the cellular environment. A major task of this quality control system is the specific recognition and separation of the misfolded from the correctly folded protein species and the folding intermediates, respectively, which are on the way to the correct folded state but exhibit properties of misfolded proteins. In this review we focus on the recognition process and subsequent degradation of misfolded proteins via the ubiquitin-proteasome system in the different cell compartments of eukaryotic cells.
Introduction
The proteins constitute the major workhorses of every cell. Their functions are manifold: signaling, movement, transport, membrane fusion, cell protection, regulation or catalysis are only some of them [1] . The three-dimensional structure that proteins acquire after ribosomal synthesis of their amino acid chain is crucial to their function. This function has to be maintained throughout the lifetime of every protein. Already during synthesis folding of the polypeptide chain starts [2] [3] [4] . Even though the amino acid sequence of a protein determines its final conformation and folding is thermodynamically favored, the protein folding process is energetically costly: A complex network of chaperones assists in folding at the expense of ATP hydrolysis. The chaperones recognize exposed hydrophobic amino acid patches of unfolded and yet not completely folded proteins and prevent protein aggregation during the folding process [5] [6] [7] [8] , (Fig. 1) . However, despite the costly folding assistance of chaperones, statistic folding mistakes happen. Furthermore, proper function of a protein requires conformational flexibility, resulting in rather poor thermodynamic stability of certain conformations. In addition, mutations, heat, oxygen radicals, heavy metal ions and other stresses can disturb proper folding of a protein and even lead to misfolding of already properly folded proteins. This results in dysfunction of the respective protein and creates the danger of protein aggregation [9, 10] , (Fig. 1) . In humans such protein aggregation leads to severe diseases of which Alzheimer's disease, Parkinson's disease, Huntington's disease, Creutzfeldt-Jakob disease or type 2 diabetes are prominent examples. Also aging and cancer are thought to be connected to protein misfolding and aggregate formation [10] [11] [12] [13] [14] .
To minimize the danger that misfolded proteins pose on a cell, nature has evolved a variety of protein quality control mechanisms that maintain protein homeostasis (also known as proteostasis). Central to these quality control mechanisms is the constant surveillance of proteins by chaperones and the action of two protein degradation systems, the ubiquitin-proteasome system (UPS) and autophagy driven vacuolar (lysosomal) proteolysis [9, 10, [15] [16] [17] [18] [19] [20] [21] . While it was previously thought that chaperones are solely responsible for the folding process of newly synthesized polypeptides and the refolding process of functional proteins that suffered damage in response to various stresses, it has become clear recently, that chaperones accompany also terminally misfolded proteins to their disposal machinery [22] . Obviously a kinetically controlled triage mechanism decides whether a protein acquires a functional life or is degraded.
Indication that the ubiquitin-proteasome system is central in clearing misfolded proteins from the cell came from studies on proteasome mutants: Induction of protein misfolding by canavanine in mutant cells defective in the proteasome led to dramatically reduced degradation rates and the accumulation of ubiquitinated proteins [23] .
Tagging of substrates with the 76 amino acid polypeptide ubiquitin is achieved by the coordinated action of a cascade of three enzyme species: at the expense of energy in form of ATP, ubiquitin activating enzymes (E1) form an energy-rich thioester bond with the C-terminal glycine residue of ubiquitin and the active site cysteine of the enzyme. Subsequently the ubiquitin residue is transferred to the active site cysteine residue of an ubiquitin-conjugating enzyme from where, with the help of ubiquitin ligases (E3), ubiquitin is linked to lysine side chains of the protein to generate an isopeptide bond. Polyubiquitin chains, mostly via internal K48 of ubiquitin, are built up. Such chains lead to recognition by the proteasome and degradation of the ubiquitin labeled protein [24, 25] . More recently also other ubiquitin chain linkages and even monoubiquitination have been found to represent proteasomal degradation signals. Also ubiquitination on residues other than lysine of the protein (cysteine, serine, threonine) can serve as proteasomal degradation signal [25] .
This review will concentrate on protein quality control systems acting in different compartments of the eukaryotic cell and the elimination of terminally misfolded proteins by the UPS. As eukaryotic model organism the yeast Saccharomyces cerevisiae will be in closer focus. With this organism many of the basic discoveries in the field have been made which served as a blueprint for similar processes in higher eukaryotes.
Cytoplasmic protein quality control
Ribosomes represent the primary sites of protein biosynthesis in cells. Already here the nascent polypeptides are subjected to protein quality control processes avoiding the emergence and accumulation of aberrant proteins in this early stage of a protein's life. Several E3 ligases are responsible for the ubiquitination of nascent polypeptides which have arisen from defective mRNA like nonstop mRNA causing translational arrest and stalling of the corresponding polypeptides on the ribosomes respectively ( Fig. 2A) . Translated nonstop mRNA causes a 3′poly (A) tail which results in C-terminal poly (Lys) tracts on corresponding polypeptides [26] . Nonstop mRNA results from DNA mutations, transcriptional mistakes or premature polyadenylation events [27, 28] . In yeast, the E3 ligase Ltn1 in complex with the two highly conserved proteins Tae2 and Rqc1 [29, 30] , and the AAA+ ATPase Cdc48 [31] seem to be involved in recognition of the stalled ribosome, ubiquitination and extraction of the polypeptides emerging from the ribosome exit tunnel for subsequent proteasomal degradation [30, [32] [33] [34] . In a recent study the ribosome bound E3 ligase Hel2 was discovered to have overlapping functions with Ltn1 in the ubiquitination process [35] . The E3 ligase Not4 as component of the CCR4/NOT complex has also an influence on the cotranslational protein quality control process. The CCR4/NOT complex is important for mRNA integrity [36] . Deletion of Not4 causes an increased amount of defective mRNA and therefore generation of a massive amount of aberrant nascent polypeptides. These have to be titrated away from the cellular environment through ubiquitination by the above-mentioned ribosome bound E3 ligases and subsequent proteasomal degradation [35] . A previous study has indicated that Not4 itself is involved in ubiquitination of polypeptides translated from nonstop mRNA [26] , (Fig. 2A) . Cotranslational protein folding is supported by the heterodimeric nascent polypeptide-associated complex (NAC) [37, 38] which interacts with nascent polypeptides preventing them from forming incorrect interactions. NAC interacts in addition with the ribosome-associated Hsp70/Hsp40-chaperone system composed of a RAC complex (Hsp70 chaperone Ssz1, Hsp40 chaperone Zuo1) and the Hsp70 chaperone Ssb1 [38] [39] [40] [41] [42] [43] . More recent studies revealed a colocalization of these folding mediators with aggregation prone proteins like PolyQ proteins, finally preventing accumulation of aggregates [44] .
The next level of protein quality control is introduced when fully synthesized proteins are released from the ribosomes which do not contain signal sequences for entering the secretory pathway, Fig. 1 . Protein folding, misfolding and aggregation. Scheme of the free energy landscape that proteins traverse from their synthesis to their final folded state. Kinetically trapped conformations have to overcome free-energy barriers to enter an energetically favorable downhill folding path. These events are facilitated in vivo by molecular chaperones. However danger waits on the way: When several protein molecules in an compartment fold at the same time, intermolecular contacts may form which, if not disrupted by chaperones, lead to amorphous aggregates, toxic oligomers or amyloid fibrils (see refs. [6, 8, 10] ). peroxisomes or mitochondria. In yeast, the cytosolic Hsp70 chaperones of the Ssa type (Ssa1-4) are the main players which work in this cytosolic quality control. They act in concert with Hsp40 or J-proteins and a set of nucleotide exchange factors (NEFs) [45] [46] [47] [48] . Besides mediating folding of client proteins in an ATP dependent reaction cycle, the cytosolic Hsp70 system prevents aggregation of not yet properly folded proteins by shielding hydrophobic patches on their surface. Smaller aggregates can be actively dissolved by the Hsp70 system which is shown both for the Hsp70 chaperones of the Ssa type and the Hsp40 chaperone Ydj1 [48] . Additionally this system functions in protein trafficking of some selected proteins [49] . Recently, the Hsp70-Hsp40 chaperone system has been found to be involved in proteasomal degradation of terminally misfolded proteins. Loss of Hsp70 function causes nearly complete stabilization of misfolded cytosolic proteins [47, 48] . The absence of Hsp70 does not influence the ubiquitination of corresponding substrates but causes their sequestration into insoluble inclusions [50] . In contrast to smaller aggregates which can be dissolved by the Hsp70-Hsp40 chaperone system, larger aggregates can only be efficiently dissolved and the corresponding polypeptides reactivated, if Hsp104, an AAA-ATPase chaperone of the Hsp100 family [51] acts in concert with Hsp70 [52] [53] [54] . In contrast to Hsp70, Hsp104 does not act in preventing stress induced protein aggregation but only acts in disaggregation processes [52, [55] [56] [57] . Metazoa lack Hsp100 disaggregases. Instead, disaggregation of protein aggregates executed by the Hsp70 system is stimulated by the nucleotide exchange activity of Hsp110 chaperones which represent a subclass of Hsp70 without exhibiting refolding activity [58] [59] [60] . An additional chaperone system, Hsp90, acts downstream of the Hsp70 system. Hsp90 is highly abundant in eukaryotic cells even under non-stress conditions [61] [62] [63] . It is responsible for folding and conformational regulation of many signaling proteins making this chaperone family a promising target for cancer therapy [64] [65] [66] . Hsp90 is also able to bind early folding intermediates [67] , or denatured proteins to keep them in a folding-competent state. Further folding is finally exerted by the Hsp70 system [68, 69] . The cytosol also possesses small heat shock proteins (sHsps) belonging to the class of ATP-independent chaperones. In yeast, the two most prominent members are Hsp42 and Hsp26. Hsp42 functions both in stressed and unstressed cells and prevents protein aggregation [70] , but is also involved in targeting of misfolded proteins to peripheral aggregate deposits in cells [71] . Hsp26 is stress induced and can promote Hsp104 and Hsp70 mediated disaggregation of protein aggregates [72, 73] .
The mammalian E3 ligase CHIP (C-terminus of Hsc70-interacting protein) is the best-characterized protein linking Hsp70 chaperone activity to protein degradation. CHIP itself interacts directly with both Hsp70 and Hsp90 chaperones via the tetratricopeptide repeat (TPR) domain [74] . Substrates bound to the chaperones can be ubiquitinated by CHIP mediated by a U-Box domain responsible for CHIP activity and binding of the ubiquitin-conjugating enzyme UbcH5 [75] . Furthermore CHIP itself possesses chaperoning activity through direct binding of client proteins by this preventing their aggregation [76] . The ubiquitination activity of CHIP is in addition influenced by the BAG class of Hsp70 cochaperones. They bind to Hsp70 and can either cause delivery of proteins to the proteasome (BAG-1) [77] , negatively regulate CHIP ubiquitination activity (BAG-2, BAG-5) [78, 79] or mediate substrate delivery to the lysosome (BAG-3) [80] . HspBP1 is an inhibitor of the CHIP ligase exerting an important role in the maturation process of the cystic fibrosis transmembrane conductance regulator (CFTR), a plasma membrane protein folded in the ER membrane. Folding of CFTR is slow and inefficient. Thus inhibition of the CHIP ligase activity by HspBP1 can provide more time for the folding of CFTR [81] .
Yeast does not possess a CHIP homolog and therefore uses other E3 ligases for mediating degradation of cytosolic misfolded proteins (Fig. 2B) . The main E3 playing a role in cytoplasmic protein quality control in yeast is Ubr1 [82] [83] [84] , which was first discovered as the E3 ligase of the N-end rule pathway. There it is responsible for ubiquitination of substrates containing a degradation signal (degron) composed of an N-terminal type 1 destabilizing residue (Arg, Lys, His) or type 2 destabilizing residues (Leu, Phe, Trp, Tyr or Ile) respectively, an internal lysine residue and an unstructured N-terminal extension [85, 86] . In the clearance process of cytosolic misfolded proteins Ubr1 seems to work independently of the N-end rule pathway [83, 84] . The ubiquitination of Ubr1 substrates is directly dependent on Hsp70 and the Hsp110 chaperone Sse1, the latter acting as NEF in the Hsp70 reaction cycle. In contrast to in vivo conditions, Ubr1 is able to ubiquitinate denatured luciferase in vitro independently of chaperones. However, simultaneous incubation of the substrate with purified Hsp70 stimulates the ubiquitination activity of Ubr1 [83, 84] . A recent study using a short lived version of GFP (slGFP) as a terminally misfolded substrate revealed the Hsp40 chaperone Sis1 as being pivotally involved in proteasomal degradation of slGFP. In this degradation pathway Sis1 acts together with Ubr1 and Hsp70 which all coimmunoprecipitate together with the substrate slGFP [87] . The Hsp40 chaperone Ydj1 also interacts with slGFP but functions together with Hsp70 in preventing slGFP aggregation and not in the Ubr1 mediated degradation pathway. Consequently Ydj1 could not be detected in Ubr1 containing complexes together with the Hsp40 chaperone Sis1 [87] . Using the unstable Dihydrofolate reductase (DHFR) variant DHFR MUTD -URA3 as substrate, the targeting process to the UPS is also promoted by the nucleotide exchange factor Fes1 which can cause the release of substrates from Hsp70 and facilitate the interaction with Ubr1 [88] .
The E2 enzymes functioning together with Ubr1 in transferring ubiquitin to the substrates seem to be Ubc2 -the ubiquitin-conjugating enzyme, also active in the N-end rule pathway -and in addition the stress inducible E2 enzymes Ubc4 and Ubc5 [48, 83, 89] . Ubr2, the paralog of Ubr1, does not recognize N-degrons. It was shown that Ubr2 has overlapping functions with Ubr1 in the clearance of unfolded cytoplasmic substrates [83] . However the most prominent substrate of Ubr2 is native Rpn4 [90] , a stress induced transcription factor stimulating the expression of proteasomal genes [90] [91] [92] [93] . Surprisingly, a role in the cytoplasmic quality control pathway was also discovered for the E3 ligase San1 which was first shown to be involved in ubiquitination of aberrant nuclear proteins [94] . It has been observed that several misfolded cytosolic proteins become localized to the nucleus and are thereafter ubiquitinated by San1 [84, 95, 96] , (Fig. 2C ). Efficient shuttling of the substrates to the nucleus is dependent on Hsp70 chaperones of the Ssa type and the Hsp110 chaperone Sse1 [84] . In a recent study the truncated form of the nucleotide binding domain of the pheromone a-factor transporter Ste6 called NBD2* was used as model substrate. It was shown that the degradation of this protein is also San1 dependent. The Hsp70 chaperone Ssa1 promotes NBD2* binding to San1 [97] . The physiological reason of shuttling misfolded proteins to the nucleus for proteasomal degradation might rest in the fact that almost 80% of the proteasomes are localized to the nucleus. This guarantees an effective and fast clearance of cytosolic misfolded proteins [98] . Besides the involvement of nuclear and cytoplasmic components, also ERAD components have been described to be involved in degradation of cytosolic substrates. URA3-CL1 consisting of the cytosolic Ura3 enzyme fused to the 16 amino acid CL1 degron [99, 100] is -dependent on ERAD-C components -a target for proteasome-mediated degradation. These ERAD-C components include the E3 ligase Doa10, the E2 enzymes Ubc6 and Ubc7 and the Cdc48 machinery. In addition the cytosolic Hsp40 and Hsp70 chaperones are required [99] [100] [101] , (Fig. 2D) . Doa10 was also shown to be involved in a branch of the N-end rule pathway recognizing N-terminally acetylated amino acids in cytosolic substrates [102] .
Once ubiquitinated, the processivity of proteasomal substrate degradation can be enhanced by the action of Hul5 which represents a 19S proteasome associated E3 and/or E4 enzyme. It antagonizes the deubiquitinating enzyme Ubp6 by extending already existing ubiquitin chains on substrates which are stalled on the proteasome [103] [104] [105] [106] .
Hul5 is the major ligase for mediating proteasomal degradation of cytosolic proteins misfolded by heat shock and characterized by low solubility like the prion-like protein Pin3. The physiological importance of Hul5 becomes visible in HUL5 deleted cells growing at elevated temperatures. They show a significant growth defect [107] .
The degradation process of misfolded proteins in the cytosol not only involves chaperones, E3 ligases and the proteasome. Also spatial organization in separated quality control compartments within the cytosol was observed [108] . IPOD (insoluble protein deposit) is a perivacuolar region which seems to serve as storage compartment for insoluble aggregates built up of mostly non-ubiquitinated misfolded and amyloid-forming proteins which might be toxic for the cell. Obviously the removal from the cellular environment serves a cytoprotective role. IPOD does not colocalize with proteasomes. In yeast IPOD colocalizes with Atg8, an ortholog of mammalian LC3 [109] [110] [111] , a ubiquitin-like adaptor protein important for vacuole delivery. Atg8 gets conjugated to phosphatidylethanolamine via a ubiquitin-like conjugation system. Through this lipid linkage Atg8 promotes membrane fusion events in autophagosome formation [109, 112] . The localization of IPOD to the vacuolar periphery indicates subsequent sequestration of these potentially toxic aggregates into vacuoles for degradation. In addition, the chaperone Hsp104 colocalizes with the IPOD compartment indicating a role in disaggregation of aggregates [51] or in preventing inheritance of potentially toxic aggregates [113] . JUNQ (juxtanuclear quality control) represents a quality control compartment containing ubiquitinated soluble misfolded proteins which can be refolded with the help of chaperones or degraded via the UPS. Ubiquitination is an important modification for keeping substrates soluble and directing them to JUNQ. This compartment is found exclusively in stressed cells. JUNQ is localized to the cytosolic side of the ER. It contains chaperones like Hsp104 and represents a compartment with a high proteasome density. Because the UPS function is often impaired under stress conditions, sequestration of misfolded proteins to the JUNQ compartment serves as a mechanism shielding the cytosolic environment from these proteins to avoid stalling of the UPS function by overloading the proteasomes [108] . As mentioned above, selective autophagy is another proteolytic system important for targeting misfolded proteins and aggregates for degradation. Here, cytoplasmic constituents are engulfed into double membrane containing vesicles (autophagosomes) which fuse with the lysosome (vacuole) for degradation [109] . Autophagy becomes important when the UPS function is impaired. As in the UPS, ubiquitinated substrates destined for lysosomal degradation are recognized in higher eukaryotes via two prominent UBA domain containing adaptor proteins, p62 [114, 115] and Nbr1 [116] . These adaptors bind protein aggregates preferentially decorated with K63 polyubiquitin chains. p62 and Nbr1 bind to LC3, the mammalian ortholog of yeast Atg8 [110, 111] , directly. This binding causes shuttling of the corresponding substrates to autophagosomes for lysosomal degradation [114, [116] [117] [118] . An additional pathway in higher eukaryotes involves the formation of a specialized perinuclear compartment called aggresome which forms prior to lysosomal degradation [119] . HDAC6 (ubiquitin-binding histone deacetylase 6) binds ubiquitinated aggregates and loads the cargo onto dynein motor proteins for shuttling along microtubules to the perinuclear aggresomes [120] [121] [122] [123] . The link between UPS and the autophagic machinery described above is not observed in yeast where corresponding UBA domain containing cargo adaptors have not been discovered yet. There is also a ubiquitin-independent route to aggresomes. This route makes use of BAG-3 which delivers nonubiquitinated substrates bound to Hsp70 via the microtubule system to the aggresomes [124] . In contrast to BAG-3 the cochaperone BAG-1 guides substrates to proteasomal degradation.
Whether a substrate is targeted to the proteasomal or to the autophagic pathway can also be induced by a different E2 usage of the ubiquitin ligases CHIP and PARKIN. Depending on the E2 enzyme used both E3 ligases can attach either K48 or K63 ubiquitin chains onto substrates. Proteins carrying K48 chains are targeted to proteasomal degradation, proteins carrying K63 chains enter the autophagic pathway [125] [126] [127] .
Endoplasmic reticulum associated degradation (ERAD) of misfolded proteins
About 30% of a cell's protein equipment consists of proteins of the secretory pathway. Their function is connected to the endoplasmic reticulum (ER), the Golgi apparatus, the lysosome (vacuole), the plasma membrane and to the exterior of the cell. The major entry site of these proteins into the secretory pathway is the ER into which they are imported in an unfolded state. The transfer across the ER membrane occurs via an aqueous channel, Sec61, which is part of a large multiprotein complex accomplishing this complicated task. Protein import can occur either in a cotranslational or posttranslational fashion [128] [129] [130] . For gain of function the proteins have to be folded in the ER from where they are exported to their site of action. Consequently, the ER is packed with proteins which constitute a folding factory for secretory proteins. These consist of chaperones, co-chaperones, oxido-reductases, glycan-modifying enzymes and lectins which fold and scan proteins for proper folding in a dynamic fashion. During entry into the ER and during the folding process many proteins are modified. This includes cleavage of the signal sequence by signal peptidase, glycosylation by the oligosaccharyl transferase (OST) complex, disulfide bond formation by protein disulfide isomerases or lipid conjugation [21, [131] [132] [133] [134] [135] [136] [137] [138] . As stated in Section 1 mutations or folding errors which are dramatically enhanced by cellular stresses will finally lead to the accumulation of misfolded proteins which the ER must deal with. The primary answer to the accumulation of an overload of unfolded and misfolded proteins in the ER is the unfolded protein response (UPR) by which -depending on the organism -metazoa or yeast, a cell can handle this stress with different tools. These include decrease of the translational rate and import of secretory proteins into the ER, increase of chaperones and folding supportive proteins as well as increase of the ER volume. The UPR of yeast S. cerevisiae solely relies on a program of transcriptional upregulation of ER components. Prominently, many proteins of the ERAD machinery degrading the permanently misfolded proteins are upregulated [139] [140] [141] [142] . The ERAD pathway rescues the cell from smothering in its secretory protein waste: unfolded proteins can form inactive aggregates which subsequently end up in protein precipitates; they may bind to other proteins and disturb their action. In addition, altered protein conformations may be secreted and form extracellular amyloids. Consequently, a mistaken ERAD pathway leads to a multitude of diseases in humans [143, 144] .
It is an exceptional feature of ERAD that misfolded proteins are not degraded by some proteolytic machinery within the ER but that they are retrograde transported out of the ER instead and eliminated by the cytoplasmic UPS. This feature and the ERAD system itself has been reviewed many times starting from its discovery until today (as a selection of reviews, see refs. [21, [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] . We will therefore only briefly summarize known facts here and extend to novel discoveries and crucial questions. It came to a big surprise when it was found in yeast that an ER-imported, fully glycosylated soluble mutant protein of carboxypeptidase Y (CPY*) which was thought to be on its way to the vacuole, was found to be retrotranslocated out of the ER back into the cytoplasm, polyubiquitinated and degraded by the proteasome [155] . Retrotranslocation of a mutated alpha factor pheromone in yeast [156] and, upon viral intervention, membrane located MHC class I heavy chain of mammalian cells [157] with subsequent degradation by the proteasome hinted at the fact, that retrograde transport and degradation of ER proteins in the cytoplasm might be a general mechanism to eliminate unwanted proteins of this secretory organelle. As we know today, this process does not only include misfolded and virally expelled proteins as substrates, but also regulated proteins of the ER membrane, HMG-CoA reductase being a prominent example [158] .
Our knowledge of the ERAD mechanism of yeast is most advanced and serves as blueprint also for the mammalian process (Fig. 3) . During and after translocation through the Sec61 channel in the ER membrane most of the soluble protein species are liberated from the signal sequence and many of the imported soluble and membrane proteins are N-glycosylated. Folding in the ER is surveyed by chaperones of the Hsp70 and Hsp40 classes and chaperone-like proteins as well as lectins [132, [159] [160] [161] [162] . While the hydrophobic patches of the nascent protein are occupied by Hsp70 chaperones (Kar2 in yeast, BiP in mammals) to support folding, the N-linked carbohydrate on the protein consisting of triple branched trees of Glc3-Man9-GlcNAc2, the "glyco-code" of the ER, displays the folding status [134] . During trimming of the three glucose residues by glucosidases I and II the protein should reach its final folding status. If this is not the case, in mammalian cells calnexin and calreticulin together with the associated oxidoreductase ERp57 bind to the folding polypeptide and a folding sensor, the UDP-glucose:glycoprotein glucosyltransferase (UGT1) re-glucosylates the Man9 residue on the A-branch of the Man9GlcNAc2 tree, allowing for another round of folding. Repetitive association with calnexin and calreticulin, re-glucosylation by UGT1 and de-glucosylation by glucosidase II allows a certain time frame for folding of a protein in mammalian cells. Yeast cells are devoid of this calnexin-calreticulin-UGT1 cycle. After proper folding together with disulfide bond formation proteins are allowed to exit the ER for further delivery to their site of action [134, 138, [163] [164] [165] . The trimming of mannose residues by alpha-mannosidase I and the lectin Mnl1/Htm1 in yeast -(EDEM1 in mammals) -interrupts futile folding cycles and channels these non-properly folded proteins into ERAD [134, [166] [167] [168] [169] . [170, 171] . ERAD-L and ERAD-M substrates on the one hand and ERAD-C substrates on the other are directed to two different RING ubiquitin ligase systems residing in the ER membrane, the Hrd1/Der3 ligase (ERAD-L and ERAD-M) [172, 173] or the Doa10 ligase (ERAD-C) [174] , respectively. In mammalian cells the equivalent of Hrd1/Der3 is represented by two ubiquitin ligases, HRD1 and gp78. Doa10 is represented by the ubiquitin ligase TEB4 (MARCH-IV) in mammalian cells [175] . No such clear distinction between different ERAD pathways is possible for mammalian cells. Also in yeast not all substrates are exclusively dependent on one or the other ERAD branch. There exists some flexibility [176, 177] . For polyubiquitination of the retrograde transported substrate to occur, the two ER membrane integrated ubiquitin ligases in yeast work together with the ubiquitin-conjugating enzymes Ubc6 and Ubc7. To some extent the Hrd1/Der3 ligase also works together with cytosolic Ubc1 [178] . Ubc6 is tail-anchored in the ER membrane, while Ubc7 is a soluble conjugating enzyme of the cytoplasm which is recruited to the ER membrane and activated by binding to the membrane anchor protein Cue1 [155, 179, 180] , (for reviews see [21, [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] ). The Ubc7-binding region (U7BR) of Cue1, a multi-helix E2-interacting domain, enhances the loading of Ubc7 by Uba1 with ubiquitin and the subsequent transfer of ubiquitin to K48 acceptor ubiquitins on the substrate [181] . The CUE1 domain possessing ubiquitin binding properties causes stabilization of growing ubiquitin chains by this enhancing the efficiency of the degradation of ERAD substrates [182] . The mammalian orthologs of Ubc6 and Ubc7 are Ube2j1/2 and Ube2g1/2 respectively [175] .
Misfolded proteins of the ER are distinguished as three topologically different classes in yeast: proteins exposing their misfolded domain (i) in the ER lumen (ERAD-L substrates), (ii) in the ER membrane (ERAD-M substrates) or (iii) in the cytoplasm (ERAD-C substrates)
The discovery and retrotranslocation of lumenal misfolded proteins (ERAD-L) seems to be the most complicated process of the ERAD branches. In yeast, CPY*, a mutant form of the glycoprotein CPY of the vacuole [155, 183] served as a model substrate for this ERAD branch. After translocation into the ER and N-glycosylation, proteins which finally discover misfolded protein species and initiate their retrotranslocation include the Hsp70 chaperone Kar2 together with its Hsp40 partners Jem1 and Scj1 [159] [160] [161] as well as protein disulfide isomerase [184, 185] . At the same time the carbohydrate chain is trimmed by two glucosidases and two mannosidases (alpha-mannosidase I [166, 167] and the lectin/mannosidase Htm1/Mnl1 [184, 186, 187] ) to yield the glyco-code for protein removal from the ER, Man7-GlcNAc2. This code carrying an alpha 1,6 terminal mannose is read by the lectin Yos9 [186] [187] [188] [189] [190] [191] which in itself is bound to the membrane anchored chaperone Hrd3 [192] . Sequentially or together they deliver the misfolded protein to the ubiquitin ligase Hrd1/Der3 which is able to recognize misfolded protein [192, 193] . Additional modification of the glyco-code for most efficient degradation of N-glycosylated proteins may be necessary: Recently a novel putative mannosidase, Mnl2, was discovered in yeast, deletion of which diminished the reduced degradation rate of CPY* in Mnl1/Htm1 deficient cells even further [194] . The glyco-code is not an essential mark for degradation of lumenal misfolded ER proteins. As an example, unglycosylated CPY* is degraded by the ERAD-L machinery as well [195] [196] [197] . Interestingly, Yos9 also binds and influences the degradation of non-glycosylated CPY* indicative of a chaperone function besides its lectin function [188, 195, 196] . Recently O-mannosylation by the Pmt1/Pmt2 enzyme complex was found to terminate failed folding attempts of slowly and improperly folding proteins. O-mannosylation obviously reduces the engagement of such modified substrates with the Hsp70 chaperone Kar2 and allows their subsequent degradation [198] . One may speculate that termination of folding by O-mannosylation of substrates fills in when the glyco-code based on N-glycosylation is not sufficiently functional or absent.
The central ligase of the ERAD-L branch, Hrd1/Der3 with its six membrane spanning topology [173] , is in contact with several ER membrane located partner proteins: Hrd3, Usa1, Der1 and Ubx2 [171, [199] [200] [201] [202] . While, as indicated above, Hrd3 reaches into the ER lumen and together with Yos9 delivers the misfolded substrate to the Hrd1/Der3 ligase, Ubx2 makes contact to the trimeric AAA-ATPase complex Cdc48-Ufd1-Npl4 in the cytosol which, after polyubiquitination of the substrate is responsible for its delivery to the proteasome (see below). Usa1 forms a bridge between Der1 and the Hrd1/Der3 ligase. Der1 [203, 204] , the blueprint of the mammalian Derlins, is required for the degradation of soluble lumenal ER proteins [171, 200, 204] but not for membrane proteins of the ERAD-M branch which are also targets of Hrd1/Der3 ligase ubiquitination [171, 200] . Usa1 furthermore induces oligomerization of Hrd1/Der3, a prerequisite for degradation of ERAD-M substrates such as Sec61-2p and HMG-CoA reductase, but not for degradation of soluble substrates [200] . The function of Der1 has remained an enigma until now. It has been shown that N-terminal acetylation of Der1 is required for its stability. Preventing Der1 acetylation leads to its degradation via the Hrd1/Der3 ligase with a subsequent cessation of elimination of substrates dependent on Der1 [205] . Recently, the mammalian Der1 ortholog Derlin-1 has been shown to be a rhomboid pseudo-protease [206] . Rhomboids constitute a conserved superfamily of polytopic membrane proteins which recognize a broad range of substrates and clients. The family of rhomboid proteases cleave their substrates in the membrane [207] . It was recently uncovered that a rhomboid protease is required for ERAD of some membrane proteins in mammalian cells [208] . The family of rhomboid pseudoproteases including Der1 and the Derlins bind and regulate the fate of their clients without proteolytic cleavage. Der1 may help in the unfolding of aberrant solvated protein domains in the vicinity of the membrane to make respective proteins competent for retrotranslocation into the cytosol [207] . The mechanism of how the substrates are retro-translocated across the ER membrane to reach the site of ubiquitination catalysis formed by the RING ligase Hrd1/Der3 complexed with the ubiquitin-conjugating enzymes (preferentially Ubc7 but also Ubc6 or Ubc1) is still under debate [149] . Retrotranslocation through the ER import channel Sec61 has been proposed for some substrates [157, 159, 180, [209] [210] [211] [212] but not for others [176, 213, 214] . The membrane embedded Der1/Derlin rhomboid pseudoprotease as well as the polytopic ubiquitin ligases Hrd1/Der3 and Doa10 themselves have been suggested to form the channel [215] [216] [217] [218] . However, Der1 is not required for degradation of ERAD-M substrates [213] . Thus, use of such a channel would be limited. Nevertheless, crosslinking studies with a truncated CPY* construct showed interaction with inter-bilayer residues of Hrd1/Der3 which could be interpreted with a channel function of the ligase [215] . However, interaction of substrates with the "body" of the ligase must be expected for the substrate recognition process in general. It is therefore still an open question if any of the canonical membrane embedded ER ligases act as a channel. Retrotranslocation without channel has also been suggested [219] . The process of lipid droplet formation at the outer ER leaflet and sequestration into the cytosol could constitute a delivery mechanism for membrane proteins. However, in yeast at least such a mechanism is not operating [220] .
Discovery and handling of ER-lumenal (ERAD-L) substrates require a rather complicated lumenal machinery. In contrast, discovery of misfolded substrates of the ER membrane exposing their misfolded domain into the cytoplasm (ERAD-C substrates) is by far more simple. As it is the case with lumenal substrates, their recognition depends on a Hsp70 machinery. Here members of the cytosolic Ssa class are in charge [176, 221] . The major ER ligase tagging membrane substrates with ubiquitin is Doa10 [174, 216] . For their translocation across the ER membrane all the questions discussed for ER lumenal substrates apply. Interestingly for degradation of one of the ER membrane model substrates, Ste6*, a Der1 homolog, Dfm1 is required [222] . One may suggest that also Dfm1 is a pseudo-rhomboid, facilitating retrotranslocation of the substrate [207] . Interestingly, via its SHP box Dfm1 is also able to recruit the Cdc48 motor to the ER membrane [222, 223] . Cdc48 has been shown to be an ATP-driven disaggregase [31] .
Delivery of all ERAD substrates (ERAD-L, ERAD-M and ERAD-C) to the proteasome for degradation merges in the cytoplasm at the ATP driven motor Cdc48 complexed to the two adapter proteins Ufd1 and Npl4. The trimeric motor complex is recruited to the ER membrane by the membrane anchor Ubx2 [201, 202] . After polyubiquitination of the substrate the Ubx2 anchored Cdc48-Ufd1-Npl4 machine pulls the ubiquitinated proteins most likely out and away from the ER membrane [224] [225] [226] [227] [228] . Modulation of the process can be achieved by additional adapters, for detailed review see [229] . In mammalian cells a ubiquitin ligase-associated chaperone complex consisting of Bag6, Ubl4A and Trc35 has been found which acts downstream of the Cdc48/p97 machinery in ERAD. Bag6 as the core of the complex represents a holding chaperone for keeping substrates harboring long hydrophobic stretches like membrane proteins soluble on the way to the proteasome [230] . Rather the function of Bag6 in ERAD and not its previously published function in the biosynthesis of tail-anchored proteins of the ER seem to be the primary cellular role of this holdase [230] [231] [232] . Also secretory proteins which fail to translocate into the ER and therefore become mislocalized to the cytosol can be captured by the Bag6 complex [233] . In yeast, with the help of ubiquitin receptors (Dsk2, Rad23), the substrates are finally delivered to the proteasome for degradation [234] [235] [236] .
Prior to proteasomal degradation deglycosylation of N-glycosylated substrates by cytosolic peptide:N-glycanase (Png1) occurs [237] , (Fig. 3) . Interestingly, complete degradation of some membrane substrates requires the activity of the ubiquitin chain elongating ligase Hul5 in addition to the canonical ERAD ligase while degradation of others does not. The data available indicate that complete membrane extraction of the Hul5 dependent substrates is interrupted when Hul5 is missing [106] .
The ERAD process as elucidated in yeast serves as a blueprint for mammalian ERAD. The basic steps of the process, (i) substrate recognition, (ii) retrotranslocation across the ER membrane onto the cytoplasmic side of the ER, (iii) polyubiquitination and solubilization by the Cdc48 motor and (iv) recognition and degradation by the proteasome are identical, including the basic tools of the ERAD process. However, due to a higher complexity of mammalian cells there are some variations in the detail. For reviews, see [130, 238] .
Nuclear protein quality control
Yeast nuclear protein quality control is mainly dependent on the E3 RING ligase San1 [239] . It is nucleus localized due to a bipartite nuclear localization signal (NLS). In conjunction with the E2 enzymes Cdc34 [240] and Ubc1 [241] it catalyzes the ubiquitination of mutated nuclear proteins [94] . Interestingly, the San1 dependent nuclear protein quality control system of Schizosaccharomyces pombe does not use the orthologous E2 enzymes of S. cerevisiae Ubc1 and Cdc34 but Ubc4 and Ubc5 instead. In spite of the different E2 usage, fission yeast San1 is also functional in S. cerevisiae [242] . In contrast to other yeast E3 ligases San1 possesses a large random coil structure outside of its RING domain. Because of these disordered regions the protein can probably adopt multiple conformations, therefore being highly flexible in binding substrates [243, 244] . This property of carrying an intrinsically disordered structure is also known from some chaperones like the small heat shock proteins (sHsps) which also use these disordered regions for interaction with client proteins [245] [246] [247] . Unlike other E3 ligases like Ubr1 which requires Hsp70 and Hsp110 chaperones for substrate ubiquitination [83, 84] , San1 directly interacts with its misfolded nuclear substrates and ubiquitinates them without the help of chaperones [244] . This is in contrast to San1 dependent degradation of cytoplasmic substrates which seems to be Hsp70 dependent [84, 97] . The similarity of chaperones and San1 in binding substrates raises the question whether there is a competition in substrate binding. Actually it has been found that the Hsp110 chaperone Sse1 negatively interferes with the ubiquitination efficiency of San1 in vitro [84] . As a consequence, upregulation of nuclear chaperones may shift San1 dependent degradation towards chaperone dependent repair of non-native proteins. The degron recognized by San1 in substrates consists of a minimal window with the threshold of hydrophobicity equivalent to that of 5 contiguous exposed hydrophobic residues [243] . Overall hydrophobicity of a substrate does not seem to play a role in San1 recognition [243] . The feature of San1 in recognizing the degron is paralleled by Hsp70 chaperones which also recognize a small window of hydrophobic residues, consisting of only 4 contiguous hydrophobic amino acids, however [248] . In addition, the type of hydrophobic residues within the recognized window is an important factor for San1 mediated proteasomal degradation. San1 prefers those hydrophobic residues within the window which correlate with the tendency of the residues to cause aggregation and insolubility of corresponding substrates [249] . In an in vitro experiment San1 is only able to ubiquitinate denatured luciferase if San1 is added during the denaturation step and not if added after complete denaturation of luciferase [244] . It can be hypothized that San1 targets highly aggregation prone proteins for degradation which are not yet fully aggregated. When degrons are buried in aggregates they cannot be recognized anymore by San1. Keeping these substrates soluble requires upstream acting factors which maintain the accessibility of corresponding substrates for San1 recognition. Some substrates require the binding of the Hsp70 chaperones Ssa1 and Ssa2 for San1 mediated degradation [84, 95, 250] , (Fig. 4A) . Recently it has also been discovered that the AAA-ATPase Cdc48 is involved in keeping substrates soluble for San1 recognition [249] . The yeast Slx5-Slx8 SUMO targeted ubiquitin ligase (STUbL) is involved in a nuclear ubiquitination pathway which functions in genome maintenance and in control of sumoylation [251] [252] [253] . Recent studies indicate that Slx5-Slx8 plays a role in protein quality control in a fashion different from San1 [254] , (Fig. 4B) . STUbLs preferentially target SUMO conjugates for ubiquitination and subsequent proteasomal degradation. The SUMO E3 ligases Siz1 and Siz2 together with the SUMO-conjugating enzyme Ubc9 are involved in SUMO conjugation of corresponding substrates [255] . The SUMOylated transcription factor Mot1 is slowly degraded via the Slx5-Slx8 system, but when mutated, degradation is rapid [254] . The responsible E2 enzymes involved in the ubiquitination of this substrate are Ubc4 and Ubc5. Canavanine, an arginine analog which causes generation of abnormal proteins, also induces rapid degradation even of the non mutated Mot1 [254] .
Interestingly the polytopic ER membrane ligase Doa10 which is involved in the ERAD-C pathway and also in cytosolic misfolded protein degradation, in addition plays a role in degradation of a mutant form of the nuclear kinetochore protein Ndc10 [256] , (Fig. 4C) . This is possible because a portion of Doa10 also localizes to the inner nuclear envelope [257] and therefore is able to get in contact with mutated nuclear Ndc10-2. The degradation signal that is recognized by Doa10 is composed of a helical hydrophobic surface of an amphipathic helix and a hydrophobic C-terminal tail called DegAB [258, 259] . The Hsp70 chaperone Ssa1 together with its cochaperone Ydj1 are essential in the Doa10 mediated degradation pathway of the Ndc10-2 mutant protein [259] . Recently it was shown that the Hsp40 chaperone Sis1 targets Ndc10-2 and even other proteins like GFP containing the DegAB degron to the Doa10 mediated ubiquitination machinery by facilitating substrate binding to Doa10 [50] . In mammals no San1 homolog with its characteristic structure has been discovered yet.
In contrast to San1 the mammalian nuclear E3 RING ligase URHF-2 does not possess disordered regions but acts as E3 enzyme in nuclear protein quality control [260] . It has been shown that UHRF-2 promotes the degradation of polyglutamine-expanded huntingtin (Htt) and therefore suppresses the cytotoxicity caused by Htt. Interestingly yeast San1 expressed in mammalian cells is able to accelerate the degradation of nuclear Htt like UHRF-2, raising the suspicion that another nucleus based degradation pathway may exist in higher eukaryotes [260] .
In addition to the already mentioned compartmentalization of cytoplasmic protein quality control substrates it has been reported that polyQ-expansion proteins also accumulate in inclusions in neuronal nuclei, often observed in patients with Huntington's disease [261, 262] . These inclusions often colocalize with so called PML bodies representing multiprotein complexes of the promyelocytic leukemia protein PML [263] [264] [265] [266] . Clastosomes represent a subset of PML-bodies and are suggested to be the sites of protein degradation in the nucleus because they concentrate the components of the UPS [267] . The isoform PMLIV manages the formation of clastosomes by recruitment of polyQ proteins and UPS components and by this promotes degradation of these substrates [268] . membrane. Therefore the matrix proteins are not directly connected to the UPS. Due to production of reactive oxygen species (ROS) which can cause mitochondrial DNA damage and production of aberrant proteins, it is essential for the cell to possess a mitochondrial protein quality control system able to manage this oxidative stress. Mechanistically the mitochondrial system is closely related to bacterial systems due to the endosymbiontic origin of this organelle. Translocation of newly synthesized mitochondrial proteins into the mitochondrial matrix and folding is dependent on the Hsp70 chaperone Ssc1 with its cochaperones Mdj1 and Mge1 which are related to the bacterial DnaK, DnaJ and GrpE species [269, 270] . As in the case for the cytosolic counterpart Ssa1 with its cochaperones their main function is preventing protein aggregation. The chaperonin Hsp60 (homolog of GroEL in bacteria) together with the co-chaperonin Hsp10 promotes folding of substrates by providing a reaction space shielded from the environment [271] . The Hsp100 chaperone Hsp78 represents the yeast homolog of bacterial ClpB, possessing disaggregase activity similar to cytosolic Hsp104. All these species belong to the AAA-ATPase class of proteins [57, 272] . The responsible protease for final degradation of misfolded and damaged mitochondrial matrix proteins in this protein quality control system is Pim1, the homolog of the bacterial LON protease [273] [274] [275] , (Fig. 5A) . The protease Pim1 is strongly induced under oxidative stress [276] indicating the high toxicity of oxidatively damaged proteins for the cell and therefore the necessity for their final degradation. In a recent study it was discovered that deletion of PIM1 does not only negatively influence the turnover of mitochondrial proteins but also leads to a significant decrease of the activity of the proteasome in the cytosol, caused by accumulation of cytosolic aggregates of oxidized and ubiquitinated proteins [277] . These oxidized protein species are thought to act as proteasome inhibitors.
Inner mitochondrial membrane proteins are particularly heavily damaged by oxidative stress because of the proximity to the ROS generating respiratory chain complexes, therefore making an inner membrane located quality control system necessary. This system consists of the two ATP-consuming proteases m-AAA and i-AAA, both located in the inner membrane and responsible for degradation of inner membrane non-assembled and misfolded proteins respectively [278] [279] [280] [281] , (Fig. 5B) .
Meanwhile there is evidence of the UPS being involved in mitochondrial protein quality control. Two different mechanisms have been discovered which mediate this connection. In response to oxidative stress in yeast, Vms1, a mitochondrial adaptor protein of Cdc48 and localized in the cytosol, recruits Cdc48/p97 together with its cofactor Npl4 to mitochondria where the Cdc48 complex provides the force for extracting and retrotranslocating damaged mitochondrial proteins to the cytosol for subsequent proteasomal degradation [282] , (Fig. 5C ). The other mode of proteasome action rests in proteasome recruitment to mitochondria in mammalian cells where the proteasome extracts, binds and unfolds a previously ubiquitinated substrate directly [283] , (Fig. 5C ). This process was discovered for the short lived inner mitochondrial membrane protein UCP2 which is involved in development of many pathologies [283] . Even mitochondrial matrix proteins of mammalian cells can be connected to proteasomal degradation in the cytosol. The F1F0-ATPase subunit OSCP (oligomycin sensitivity conferring protein) is stabilized after proteasome inhibition in an ubiquitinated form in the outer mitochondrial membrane, also indicating the presence of a similar retrotranslocation system as found in ERAD [284] . The UPS is also involved in general maintenance of mitochondrial function by mediating degradation of major players of mitochondrial dynamics which -when present -can induce autophagosomal degradation of the whole organelle, called mitophagy [285] [286] [287] . Besides the function of the mammalian ubiquitin ligase PARKIN in ubiquitination of the unfolded ER membrane protein PaeI and its role in ER stress induced cell death [288, 289] , PARKIN together with a kinase called PINK is recruited to damaged mitochondria and ubiquitinates proteins of the outer mitochondrial membrane which function in fusion/fission events and therefore regulate mitophagy [290] [291] [292] . Another E3 ligase in mammals called MITOL, and located in the outer mitochondrial membrane is also involved in regulation of mitochondrial fission events through ubiquitination [293] . Also, MITOL directly ubiquitinates misfolded superoxide dismutase 1 (mSOD1) which is involved in familial amyotrophic lateral sclerosis (ALS) [294, 295] .
Conclusions and perspectives
When comparing our knowledge of the mechanistic aspects of the ubiquitin-proteasome system in protein quality control in the different cellular compartments it seems obvious that this knowledge is most advanced in the case of ERAD. However, also here many crucial questions remain: What drives retrotranslocation of proteins across the ER membrane? Lumenal proteins may be partially folded, many contain carbohydrate. How are they threaded into a channel of the ER membrane (if retrotranslocation occurs through a channel)? Is there energy required? Do all misfolded proteins cross the ER membrane via one and the same mechanism or are there different devices for different proteins to escape? How does the Cdc48 machine handle the polyubiquitinated substrates, what is the mechanism? How are the different unfolded proteins with their partly hydrophobic amino acid stretches safely delivered to the proteasome without aggregation and precipitation in the cytoplasm?
At first glance the recognition, delivery and degradation of terminally misfolded proteins seem to be a simple affair. However the multiple and diverse degradation pathways visible already in the different cell compartments lead to the suspicion that we have just scratched the surface. We may suspect that many more chaperones, co-chaperones, recruiting factors, ubiquitin ligases, etc. will be found when we dive deeper into the subject. Why is the machinery so diverse and sophisticated when just hydrophobic patches on the surface of a protein may be the major sign of misfolding and the recognition site for starting the elimination process? Obviously, as in cellular regulation, a diversified and on many levels of protein recognition and delivery to the proteasome fine-tuned process furnishes the cell with the best possibilities to react to the many different challenges posed by protein misfolding. We still have to learn and understand.
